Influence of climate change on summer cooling costs and heat stress in urban office buildings by Hooyberghs, Hans et al.
  
Hans Hooyberghs, Stijn Verbeke, Dirk Lauwaet,  
Helia Costa, Graham Floater, Koen De Ridder 
Influence of climate change on summer 
cooling costs and heat stress in urban office 
buildings 
 






Hooyberghs, Hans and Verbeke, Stijn and Lauwaet, Dirk and Costa, Helia and Floater, 
Graham and De Ridder, Koen (2017) Influence of climate change on summer cooling costs and 




© 2017 Springer Science+Business Media B.V. 
 
This version available at: http://eprints.lse.ac.uk/84971/  
 
Available in LSE Research Online: October 2017 
 
LSE has developed LSE Research Online so that users may access research output of the 
School. Copyright © and Moral Rights for the papers on this site are retained by the individual 
authors and/or other copyright owners. Users may download and/or print one copy of any 
article(s) in LSE Research Online to facilitate their private study or for non-commercial research. 
You may not engage in further distribution of the material or use it for any profit-making activities 
or any commercial gain. You may freely distribute the URL (http://eprints.lse.ac.uk) of the LSE 
Research Online website.  
 
This document is the author’s final accepted version of the journal article. There may be 
differences between this version and the published version.  You are advised to consult the 





Influence of climate change on summer cooling costs and heat stress in urban 
office buildings 
 
Hans Hooyberghs 1 , * 
Stijn Verbeke 1 
Dirk Lauwaet 1 
Helia Costa 2,3 
Graham Floater 2,4  
Koen De Ridder 1 
 
1 Environmental Modelling Team, Vlaamse Instelling voor Technologisch Onderzoek (VITO), 
Boeretang 200, 2400 Mol, Belgium 
2 LSE Cities, London School of Economics and Political Science, Houghton Street, WC2A 2AE, 
United Kingdom 
3 Grantham Research Institute for Climate Change and the Environment, London School of 
Economics and Political Science, Houghton Street, WC2A 2AE, United Kingdom 
4 Centre for Trade and Economic Integration, The Graduate Institute, CH 1211 Geneva, Switzerland 
 




Indoor climatic conditions are strongly influenced by outdoor meteorological conditions. It is thus 
expected that the combined effect of climate change and the urban heat island effect negatively 
influences working conditions in urban office buildings. Since office buildings are particularly 
vulnerable to overheating because of the profound internal heat gains, this is all the more relevant. 
The overheating in office buildings leads to elevated cooling costs and, because additional work 
breaks are required by legislation, productivity losses. We have developed a methodology 
incorporating urban climate modelling and building energy simulations to assess cooling costs and 
lost working hours in office buildings, both for current-day and future climate, extending towards 
the end of the 21th century. The methodology is tailored to additionally assess the impact and 
benefits of adaptation measures, and it is designed to be transferable from one city to another. 
Results for a prototype building located in three different European cities (Antwerp, Bilbao and 
London) illustrate the challenge in keeping Western-European office buildings without appropriate 
adaptation measures comfortable by the end of the 21th century, and the beneficial effect of 
adequate adjustments. 
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1. Introduction 
 
The world’s climate is changing and the changes will have a major impact on Earth’s population. 
Global climate models (GCMs) predict an overall increase in air temperature and, consistently, also 
a rise of the number, frequency and intensity of adverse effects, such as heat waves (Meehl and 
Tebaldi 2004; Diffenbaugh and Giorgi 2012; IPCC et al. 2013). Cities are heavily vulnerable to 
these adverse consequences as they already experience enhanced heat stress because of an urban 
warming process generally referred to as the urban heat island (UHI) phenomenon (Oke 1973; Oke 
1982). Given that cities are home to more than half of the world’s population and concentrate 
infrastructure and economic activity, this is all the more relevant.  
  
Indoor thermal comfort and building energy demand are heavily influenced by the outdoor thermal 
environment (Hensen and Lamberts 2011; ASHRAE 2013), and it is thus expected that the 
combined effect of climate change and the UHI-effect will result in impacts on the indoor ambient 
temperatures of buildings, especially during summer. In recent years, the current and future heat 
balance of residential and office buildings has received significant attention in academic research (de 
Wilde and Coley 2012; Buchin et al. 2016). Compared to residential buildings, office buildings 
experience larger internal heat gains due to the metabolism of the office workers, the high installed 
power for office lighting and the heat dissipation of the electrical office equipment. Offices are 
therefore referred to as “internal load dominated” (ASHRAE 2013). Because of the high internal 
heat gains, there is a significant risk for overheating effects, especially during summer months in 
unadapted buildings (Guan 2006; Jentsch et al. 2008; Li et al. 2012).  
  
The study at hand focuses on office buildings, either equipped with a cooling system or ‘free-
running’, i.e. without active cooling equipment. In the latter type of buildings, unfavorable 
conditions due to overheating have an important influence on the wellbeing and the productivity of 
the office workers (Leaman and Bordass 1999; Seppänen et al. 2003; Berger et al. 2014). If these 
adverse conditions become too severe, precautions are demanded according to international and 
national legislations. ISO-standards require additional work breaks if (workplace) climatic 
conditions deteriorate, causing lost working hours and economic losses (Kjellstrom et al. 2009). One 
possible measure to guarantee favorable indoor thermal conditions, is to equip the building with an 
active cooling system. Cooling energy demands in such buildings will however rise significantly 
over the course of the 21th century (Li et al. 2012).  
 
In this paper, we present a methodology to study the evolution of both the summer cooling demand 
and the lost working hours related to the excess heat stress in (respectively) an actively cooled and a 
‘free-running’ prototype urban office building during the 21th century. The methodology furthermore 
allows us to analyze the effectiveness of adaption measures in reducing the negative effects of 
climate warming. The remainder of this paper is organized as follows. In the second section the 
methodology is introduced, while the third section introduces the adaptations measures considered in 
this work. The methodology outlined in this paper is in general applicable to any European city. The 
applicability is mainly illustrated by model results for the city of Antwerp in Belgium in the fourth 
section. To show the transferability of the methodology, a comparison between office buildings in 
Antwerp (Belgium), Bilbao (Spain) and London (UK) will be provided. In section 5, the results and 





The methodology outlined in this paper consists of two major steps, the urban climate modelling and 
the building energy simulation, followed by several minor steps, leading finally to lost working 
hours and cooling demands for a prototype building. The full methodology is visualized in Figure 1. 
 
In the first major step, outdoor urban climatic variables (amongst other temperature and wind speed) 
are calculated using the UrbClim urban climate model (De Ridder et al. 2015). UrbClim scales large-
scale weather input data down to agglomeration-scale and computes the impact of urban 
development on the most important weather parameters (air temperatures, land surface temperatures, 
wind speeds and humidity). The model has been validated for various cities with hourly temperature 
measurements; validation campaigns have amongst others focused on London (United Kingdom), 
Bilbao (Spain), Antwerp (Belgium), Berlin (Germany) and Paris (France) (De Ridder et al. 2015; 
Zhou et al. 2016). Focusing on the northern hemisphere summer period, we model the urban outdoor 
climate between May and September (both included). To assess the influence of climate change, we 
study both the current climate (reference period 1986 – 2005), and the near (2026 – 2045) and far 
future (2081 -2100). We use time periods of at least twenty years to ensure that the interannual 
variability is correctly taken into account. The current climate is modeled by coupling UrbClim to 
large-scale meteorological ERA-Interim reanalysis data (Dee et al. 2011) of the European Centre for 
Medium-Range Weather Forecasts (ECMWF). To study the future urban climate, UrbClim has been 
coupled to the output of an ensemble of eleven global climate models (GCMs) contained in the 
Coupled Model Intercomparison Project 5 (CMIP5) archive of the Intergovernmental Panel on 
Climate Change (IPCC) (Lauwaet et al. 2015). The IPCC identifies four climate scenarios (called 
Representative Concentration Pathways, RCP), ranging from very strong mitigation scenarios 
(RCP2.6) to a business-as-usual scenario (RCP8.5). Due to CPU-limitations, only the RCP8.5 
scenario will be considered in this study. Although this is the scenario with the largest warming 
potential, current emission trends continue to track along the trends of this scenario (Peters et al. 
2013). In the study at hand, to reduce computational time, we have only coupled UrbClim to the 
output of one GCM, the GFDL-ESM2M model of NOAA (Dunne et al. 2012). This model was 
selected since, among the 11 GCMs that have been considered, it yields the median warming of the 
mean temperature for the three cities under investigation (Lauwaet et al. 2015).  
 
The outdoor climatic data are subsequently used as input for the building energy model EnergyPlus, 
a state-of-the art building energy analysis software which is managed by USA National Renewable 
Energy Laboratory (NREL). EnergyPlus simulates the energy management and indoor climate of 
individual buildings by performing hour-by-hour computations of internal and external heat fluxes 
(Crawley et al. 2001; Henninger et al. 2004; Crawley et al. 2008). In this study, EnergyPlus is used 
to model two versions of a prototype building, which only differ in the presence or absence of an 
active cooling system, but are otherwise identical. For the former building, we are interested in the 
cooling costs required to keep the temperature below a constant threshold value. Inside the building 
without active cooling, temperatures can increase unlimitedly, causing overheating and, during 
episodes of extreme heat stress, worker breaks are required according to international guidelines. In 
this work, we determine the amount of lost working hours based on the US ACGIH non-
acclimatized standard by the National Institute for Occupational Safety and Health. The resulting 
lost working hours and energy demands feed into a macro-economic analysis of the economic loss 
due to heat stress in summers, which is the subject of a separate paper (Costa et al. 2016) and a 
project report (Costa and Floater 2015).  
 
 
B. Prototype building 
 
The case study model under investigation is a typical Western-European, recently built five story 
office building. The generic typology can be considered representative for contemporary building 
praxis. Results for cooling demands and lost working hours refer to the third story of this building. 
The floors above and below are assumed to have an identical temperature and occupancy profile, 
consequently there is no net resulting heat flux between the two stories. Due to the elevated location 
of the 3th floor office, shadowing effects of parking lots, small trees, etc. can be neglected, and it is 
assumed that the building receives no shadow from surrounding buildings or larger trees. The third 
floor of the office building is subdivided into four thermal zones. Within a single zone, the air 
temperature is assumed to be uniform. Two office zones are located at the perimeter, one oriented 
North and the other South. A third office zone without external windows is located in the core of the 
building. A fourth zone comprises the auxiliary functions such as staircases and elevators. The 
ventilation rate for the three office spaces is assumed to be 22 m³/h/person during office hours, 
which corresponds to IDA class 3: “Moderate indoor air quality” according to European standards 
(EN 13779:2007). In the actively cooled building, the standard thermostats setpoint is 25°C. More 
details on the dimension and the structural properties of the building are provided in the 
supplementary material 
  
C. HVAC energy demand 
 
The energy demand of the HVAC system during summer operations consists of two parts: the 
ventilation demand and the cooling system demand. The latter depends on the temperature in the 
office building, and hence differs hour after hour. The energy consumption of the ventilation 
scheme, on the other hand, is independent of the climatic variables since the ventilation rates are 
assumed to be fixed values. Both the cooling and ventilation energy demand of the entire office floor 
are standard output fields of the EnergyPlus model. Due to the nature of the cooling system and the 
interzonal heat exchanges, it is impossible to disentangle the costs for the different rooms. In the 
remainder, we therefore always provide ventilation and cooling costs for the entire third floor.  
 
 
D. Lost working hours  
 
The calculation of the lost working hours is based upon the US ACGIH (Association Advancing 
Occupational and Environmental Health) non-acclimatized standard by the National Institute for 
Occupational Safety and Health (NIOSH), which demands additional working breaks if the heat 
stress at the workplace surpass a threshold. The length of the breaks and the level of the thresholds 
depends on the activity of the worker (Costa and Floater 2015). Since the paper at hand focuses on 
office buildings, the details for the lowest worker intensity class is used. The US ACGIH-thresholds 
make use of the wet bulb globe temperature (WBGT), which is a composite temperature used to 
estimate the effect of temperature, humidity, wind speed and (direct and thermal) radiation on 
humans (Yaglou and Minard 1956; Budd 2008). Multiple methods exist to estimate the WBGT from 
standard meteorological variables (Lemke and Kjellstrom 2012). Here we opt for the semi-empirical 
formula of Bernard (Bernard and Pourmoghani 1999). The WBGT-calculation has been validated 
using a measurement campaign in Ghent, Belgium (Lauwaet et al. 2017).  
 
According to the US ACGIH standard non-acclimatized functions, the fraction of lost working 
hours, LWH, as a function of the WBGT, is  
 
𝐿𝐿𝐿𝐿𝐿𝐿 =  � 00.0204 (𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊)2 − 0.9794 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 + 11.474 1  if 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 < 27.6°C 27.6°C <  𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 < 31.9398°C 𝐿𝐿𝑊𝑊𝑊𝑊𝑊𝑊 > 31.9398°C  
 
Hence, if the WBGT is smaller than 27.6°C, normal work takes place all the time, while the worker 
has to rest during a (non-zero) fraction of the time if the threshold of 27.6°C WBGT is exceeded. 
When 31.9398°C WBGT has been reached, work can no longer resume.  
 
3. Adaptation measures 
 
The methodology is also suited to analyze the efficacy of soft and hard adaptation measures. In this 
work, we focus on adaptation measures that decrease the exposure to unfavorable circumstances, 
either by increasing comfort or decreasing the time workers spent in uncomfortable conditions. For 
the soft measures, the focus lies on adapted working hours, including (early) morning and (late) 
evening work, and a combination of both. The seven working regimes applied in the study at hand 
are introduced in Table 1. These measures are based on the similarity with current practices in 
Europe; the morning working scheme is for instance similar to existing measures for public workers 
during summer in Spain. Whereas the soft adaptation measure focuses on avoiding the presence of 
workers during the hottest moments of the day, the hard adaptation measures mainly deal with 
improving indoor conditions. Firstly, we study the use of solar blinds at the outside of the building. 
These blinds are sun blocking screens that automatically lower if the irradiance on the windows is 
larger than a certain threshold value (in this example set to 75 W/m2), thereby effectively reducing 
the incoming solar radiation. Secondly, the rate of the mechanical ventilation is increased from 22 
m³/h/p to 50 m³/h/p, which corresponds to IDA class 3: “Medium indoor air quality” according to 
European standards (EN 13779:2007). Thirdly, in the base line set-up, the mechanical ventilation is 
reduced during the night (to 25% of the rate during the day, being 5.5 m³/h/p), in order to reduce the 
ventilation costs. We instead propose to keep the ventilation during the night at the same rate as 
during the day (at 22 m³/h/p), causing lower cooling demands during the day. All the foregoing 
adaptation measures can be applied in buildings without and with air-conditioning. In the latter case, 
changing the setpoint temperature of the cooling system provides an additional way to reduce the 
cooling demand. We investigate the effect of increasing the maximally allowed temperature in the 




A) Antwerp during the reference period: energy demand 
 
We first focus on the HVAC-cost in an actively cooled building during the reference period (1986 – 
2005) in Antwerp, and compare the results for the different hard adaptation measures. For simplicity, 
we assume that the workers use the baseline working hours. Figure 2 shows the average yearly 
cooling and ventilation demand during summer in the course of the reference period. Adding up the 
ventilation and the cooling demand for the base case building, a total energy demand just over 6200 
kWh per summer is observed. All adaptation measures considered in the study reduce the total 
energy costs, but the effectiveness varies greatly between the different options. Increasing the 
ventilation rate significantly reduces the cooling demands, but since the ventilation cost more than 
doubles, the net effect is a minor reduction by 7%. Adding solar blinds or increasing the nocturnal 
ventilation have more or less the same effect on the total energy demand. The latter option cuts the 
cooling costs by 40% percent, but due to the higher ventilation costs, the total energy demand is only 
reduced by 23%. Although the reduction in cooling costs is lower when (external) solar blinds are 
added, there are no increases in ventilation costs and so the total energy demand is reduced by 28%. 
The largest effect is obtained by increasing the thermostat setpoint. In this way, the cooling costs are 
more than halved. 
 
 
B) Antwerp during the reference period: lost working hours 
 
Figure 3 shows the fraction of lost working hours (LWH) during the summer period (May - 
September) during an average year in the reference period (1986 - 2005). Since indoor temperatures 
are different for the north and the south facing rooms (as both experience a different irradiance), the 
LWH will also differ. Using the base line working hours the LWH in the south facing room is larger 
than 4%, while in the north-facing room only 1% of the working hours is lost. This large difference 
between both zones indicates that building orientation and zoning in office rooms are adaptation 
measures to consider, as is moving workers to cooler rooms during episodes of heat stress. 
Moreover, the inter-annual spread is quite large. For the south facing room, during the year with the 
minimal loss, only 0.3% of the working hours are lost, while during the year with the highest loss, 
work has to be interrupted during 12% of the time.  
  
Figure 3 also shows the effectiveness of the modified working regimes. For the north-facing room, 
the absolute gain is rather limited, as the LWH is already small for the base line working hours. For 
the south facing room, all the adapted working schemes have a significant beneficial effect. The 
benefits of the morning schedules are generally larger than those of the evening work, but the best 
results are obtained for the combination of early morning and late evening work (7 – 11, 17 – 20). 
This scheme reduces the LWH to under 2%. Finally, those working with the morning-evening 
schedule in the south-facing room are still much more exposed to heat stress than employees in the 
north-facing room using the base line working hours. Hence, it is more beneficial to invest in 
moving workers to cooler places in the building, than in modified working hours. 
 
We only consider two hard adaptation measures in relation with lost working hours, namely 
increased ventilation and solar blinds. Results are shown in Figure 4, in which we again focus on the 
south-facing room. The hard adaptation measures have a much larger effect than the soft adaptation 
measures: whereas the soft measures can at most reduce the LWH to 1.9% (for the morning-evening 
work), both hard adaptation measures reduce the loss to well below 1%. With solar blinds the LWH 
can be lowered to 0.8%, while the increased ventilation system reduces the loss to 0.12%.  
 
C) Antwerp during the near and far future 
 
Figure 4 shows the LWH and cooling costs in Antwerp for the near (2026 – 2045) and the far future 
(2081 - 2100). Results are averages over the twenty years periods. We anew only focus on results for 
the summer period (May – September), and thus implicitly assume that no lost working hours or 
major cooling costs occur in the other months. While this is certainly a correct assumption for the 
contemporary situation and the near future, it may no longer be valid for the far future. Hence, the 
end-of-the-century results are actually underestimated. 
 
As expected, the cooling costs and the LWH increase between the current period and the future 
periods. For both quantities, the largest increase is observed between the near and the far future, 
while the increment between the reference period and the near future is much smaller. The effects 
for the LWH are also much larger than those for the cooling costs, since the LWH is more sensitive 
to temperature variations. Over the course of the 21th century, the LWH quadruples for the base case 
building. The two hard measures considered in this study serve as examples of effective adaptation: 
both the increased ventilation and the solar blinds significantly decrease the LWH at the end of the 
century. In the prototype base case building with cooling system, the energy demand increases by 
25% from 6200 kWh to 7800 kWh over the course of the 21th century. The increases for the adapted 
buildings are more or less similar, but the exact results depend on the adaptation measure.  
 
D) London and Bilbao during the reference period 
 
Figure 5 shows the cooling demands and the LWH (for the south-facing room) for Bilbao, London 
and Antwerp, during the reference period, for the unadapted building and base line working hours. 
The heat stress is, as expected, much higher in Bilbao, while results for London and Antwerp are 
more or less similar. The difference between the cooling costs in Antwerp and London is below the 
uncertainty margin of this study, but there is a significant difference in the LWH, although it is a 
rather small discrepancy. The cooling demand is much higher in the lower-latitude city Bilbao, 
where the average demand is 1.6 times as large as the one in Antwerp and London. Anew the 
difference is more profound for the fraction of lost working hours, for which the values in Bilbao are 
six times larger than those in Antwerp. These large differences for the lost working hours are mainly 
related to the threshold-based nature of the indicator, which is very sensitive to small temperature 
increases. Additional results concerning the climate change and adaptation measures in London and 
Bilbao have been discussed in a project report (Costa and Floater 2015). 
 
5. Discussion and limitations 
 
The results for a prototype building substantiates the significant influence of climate warming on 
indoor climate and cooling costs in office buildings. The number of lost working hours in the 
building without active cooling quadruples between the reference period and the far future, if 
emissions keep tracking along the RCP8.5-scenario. It is hence challenging to keep Western-
European ‘free-running’ office buildings without appropriate measures comfortable by the end of the 
21th century. A similar conclusion has been reported earlier for buildings in the UK (Jentsch et al. 
2008). We observe much larger negative effects for a similar building in Bilbao, where additional 
work breaks are 6 times as frequent as those in Antwerp. Well-suited adaptation measures reduce the 
risk of overheating in our prototype building significantly. In this study we have observed that, for 
our prototype building, the benefits of hard measures by far outweigh those of the soft measures. 
The most effective adaptation measures deal with solar blinds and increased (active) ventilation, 
which respectively reduce the amount of lost working hours by approximately 60% and 90% for the 
far future period. Moreover, moving employees within the prototype building has a significant 
positive effect, reducing the number of lost working hours by 75%. Previous studies have also 
observed these positive effects in other prototype office buildings: the overheating risk in a south-
facing room in a UK office building has been found to be twice as large as the same risk in a north-
facing room (de Wilde and Tian 2010), and also the beneficial effects of external shading (Frank 
2005; Atzeri et al. 2014) and well-designed ventilation strategies (Gratia and De Herde 2004; 
Jentsch et al. 2008), including nightly ventilation (Kolokotroni and Aronis 1999), have been 
described. In case hard adaptations are technically unfeasible, soft measures such as adapted 
working hours provide an alternative. In our prototype building, the largest beneficial effects are 
observed for a schedule with a morning (7:00 – 11:00) and a late afternoon (17:00 – 20:00) working 
shift. This morning-evening working schedule halves the lost working hours, but it has a substantial 
influence on the life style of the workers, and reducing the heat stress in office buildings using soft 
measures thus entails a trade-off between work-life balance and economic considerations.  
 
Installing an active cooling system with a fixed threshold temperature nullifies the overheating risk. 
However, operational costs of such a device will drastically increase over the course of the 21th 
century. For our prototype building, cooling demand increases with 25% by 2100. The HVAC-costs 
are significantly reduced by applying suited adaptation measures. The largest potential cost 
reduction is associated with higher setpoints values: in the prototype building, cooling demands are 
more than halved by increasing the setpoint from 25 degrees to 31 degrees. Such a measure however 
comes at the cost of higher discomfort for the workers (Roaf et al. 2011). Other successful 
adaptation measures include external shading or changes in the building ventilation scheme; for our 
prototype building, adding external solar blinds is the most effective measure, as it reduces the 
cooling costs by approximately 30%. These large benefits of installing external shading in office 
buildings have been identified before in numerous studies (Gratia and De Herde 2004; van Moeseke 
et al. 2007; Atzeri et al. 2014; Mavrogianni et al. 2014). 
 
The results highlight the limitations of adaptation measures that focus on decreasing the exposure to 
uncomfortable indoor conditions. Although new building design options (including new materials 
and more efficient HVAC-systems) will provide benefits that are larger than the ones cited in this 
work, there will always be an upper limit on the effectiveness of the adaptation options. To achieve a 
greater impact, the measures related to a decrease in exposure should be complemented with 
measures related to raising the threshold temperatures for thermal comfort. The latter category 
contains options such as raising awareness and ‘personal’ measures to increase the thermal comfort 
threshold (as for instance adapted clothing and modified behavior during high heat-stress periods).   
 
Identifying the appropriate methodology for conducting the current assessment is challenging. As 
such, our study is based on a number of assumptions that limit the generalization of the results. 
Amongst other, our approach is limited because of the use of the following assumptions: 
  
• The actual productivity loss due to heat stress is underestimated in this methodology, since 
only the lost working hours due to legally compulsory actions (according to US ACGIH 
standards) are taken into account. In reality, productivity losses are observed at much lower 
temperatures due to the maladaptation of the workers to heat stress.  
• The standards in the current work do not take adaptation to changing conditions into 
account, since most legislation concerning additional work breaks is based on fixed 
thresholds. Recent studies point at the need of adaptive thermal standards, since, in case of 
discomfort, people react in ways to restore their comfort, resulting in a continuously 
changing comfort temperature (de Dear and Brager 1998; Nicol and Humphreys 2002).  
• Only one prototype building has been used, and many assumptions have been made in 
designing this building. Thermal properties of buildings vary greatly, and a broader analysis 
should use different buildings typologies. When discussing the future productivity loss and 
cooling costs, we furthermore ignore any major renovations of the buildings. It is highly 
unlikely that HVAC-systems or building design will still be the same by the end of the 21st 
century. These modifications are ignored, as the framework is currently used to assess the 
“pure” effect of climate change, i.e. what would happen if building practices are unchanged.  
• Although the IPCC identifies four Representative Concentration Pathways, we have only 
used the scenario with the largest warming (RCP8.5). Moreover, in contrast with the 
traditional deterministic approach of the RCPs, recently probabilistic climate projections (for 
instance using weather generators) have emerged. For computational reasons, these have not 
been considered in the current work. 
• Only a limited selection of adaptation measures has been applied. A wide ranch of 
alternatives have been described in literature, including, amongst others, reduction in 
internal heat gains (Collins et al. 2010), technical improvements in the performance of 
cooling and ventilation devices (Sclafani 2010) and relocation of office workers (de Wilde 
and Tian 2010). 
 
Many of the premises listed are related to the high CPU-requirement of the study. Since the general 
methodology is flexible and easily customizable for other set-ups and applications, these limitations 
could be addressed with additional simulations and minor modifications to the methodology.  
 
In sum, we have introduced a general methodology to assess cooling costs and lost working hours 
caused by overheating in office buildings, both for the current-day situation and future periods 
extending towards the end of the 21th century. Using the same methodology, the efficacy of 
adaptation measures can be assessed. The analysis of a prototype building and three case study cities 
demonstrate the substantial influence climate warming will have on indoor climatic conditions and 
energy demand in office buildings, and the beneficial effects of targeted adaptations measures. 
Although the results for this prototype building should not be generalized, the methodology is easily 




ASHRAE (2013) 2013 ASHRAE Handbook—Fundamentals.  
Atzeri A, Cappelletti F, Gasparella A (2014) Internal Versus External Shading Devices Performance 
in Office Buildings. Energy Procedia 45:463–472. doi: 10.1016/j.egypro.2014.01.050 
Berger T, Amann C, Formayer H, Korjenic A, Pospichal B, Neururer C, Smutny R (2014) Impacts 
of urban location and climate change upon energy demand of office buildings in Vienna, 
Austria. Build Environ 81:258–269. doi: 10.1016/j.buildenv.2014.07.007 
Bernard TE, Pourmoghani M (1999) Prediction of workplace wet bulb global temperature. Appl 
Occup Environ Hyg 14:126–34. doi: 10.1080/104732299303296 
Buchin O, Jänicke B, Meier F, Scherer D, Ziegler F (2016) The role of building models in the 
evaluation of heat-related risks. Nat Hazards Earth Syst Sci 16:963–976. doi: 10.5194/nhess-
16-963-2016 
Budd GM (2008) Wet-bulb globe temperature (WBGT)—its history and its limitations. J Sci Med 
Sport 11:20–32. doi: 10.1016/j.jsams.2007.07.003 
Collins L, Natarajan S, Levermore G (2010) Climate change and future energy consumption in UK 
housing stock. Build Serv Eng Res Technol 31:75–90. doi: 10.1177/0143624409354972 
Costa H, Floater G (2015) RAMSES project report D5.2: Economic costs of heat and flooding in 
cities: Cost and economic data for the European Clearinghouse databases.  
Costa H, Floater G, Hooyberghs H, Verbeke S, De Ridder K (2016) Climate change, heat stress and 
labour productivity : A cost methodology for city economies. In review.  
Crawley DB, Hand JW, Kummert M, Griffith BT (2008) Contrasting the capabilities of building 
energy performance simulation programs. Build Environ 43:661–673. doi: 
10.1016/j.buildenv.2006.10.027 
Crawley DB, Lawrie LK, Winkelmann FC, Buhl WF, Huang YJ, Pedersen CO, Strand RK, Liesen 
RJ, Fisher DE, Witte MJ, Glazer J (2001) EnergyPlus: creating a new-generation building 
energy simulation program. Energy Build 33:319–331. doi: 10.1016/S0378-7788(00)00114-6 
de Dear R, Brager GS (1998) Developing an adaptive model of thermal comfort and preference.  
De Ridder K, Lauwaet D, Maiheu B (2015) UrbClim – A fast urban boundary layer climate model. 
Urban Clim 12:21–48. doi: 10.1016/j.uclim.2015.01.001 
de Wilde P, Coley D (2012) The implications of a changing climate for buildings. doi: 
10.1016/j.buildenv.2012.03.014 
de Wilde P, Tian W (2010) Predicting the performance of an office under climate change: A study of 
metrics, sensitivity and zonal resolution. Energy Build 42:1674–1684. doi: 
10.1016/j.enbuild.2010.04.011 
Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S, Andrae U, Balmaseda MA, 
Balsamo G, Bauer P, Bechtold P, Beljaars ACM, van de Berg L, Bidlot J, Bormann N, Delsol 
C, Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB, Hersbach H, Hólm E V., Isaksen 
L, Kållberg P, Köhler M, Matricardi M, McNally AP, Monge-Sanz BM, Morcrette J-J, Park B-
K, Peubey C, de Rosnay P, Tavolato C, Thépaut J-N, Vitart F (2011) The ERA-Interim 
reanalysis: configuration and performance of the data assimilation system. Q J R Meteorol Soc 
137:553–597. doi: 10.1002/qj.828 
Diffenbaugh NS, Giorgi F (2012) Climate change hotspots in the CMIP5 global climate model 
ensemble. Clim Change 114:813–822. doi: 10.1007/s10584-012-0570-x 
Dunne JP, John JG, Adcroft AJ, Griffies SM, Hallberg RW, Shevliakova E, Stouffer RJ, Cooke W, 
Dunne KA, Harrison MJ, Krasting JP, Malyshev SL, Milly PCD, Phillipps PJ, Sentman LT, 
Samuels BL, Spelman MJ, Winton M, Wittenberg AT, Zadeh N, Dunne JP, John JG, Adcroft 
AJ, Griffies SM, Hallberg RW, Shevliakova E, Stouffer RJ, Cooke W, Dunne KA, Harrison 
MJ, Krasting JP, Malyshev SL, Milly PCD, Phillipps PJ, Sentman LT, Samuels BL, Spelman 
MJ, Winton M, Wittenberg AT, Zadeh N (2012) GFDL’s ESM2 Global Coupled Climate–
Carbon Earth System Models. Part I: Physical Formulation and Baseline Simulation 
Characteristics. J Clim 25:6646. 
Frank T (2005) Climate change impacts on building heating and cooling energy demand in 
Switzerland. Energy Build 37:1175–1185. doi: 10.1016/j.enbuild.2005.06.019 
Gratia E, De Herde A (2004) Natural cooling strategies efficiency in an office building with a 
double-skin façade. Energy Build 36:1139–1152. doi: 10.1016/j.enbuild.2004.05.004 
Guan L-S (2006) The implication of global warming on the energy performance and indoor thermal 
environment of air-conditioned office buildings in Australia. Queensland University of 
Technology 
Henninger RH, Witte MJ, Crawley DB (2004) Analytical and comparative testing of EnergyPlus 
using IEA HVAC BESTEST E100–E200 test suite. Energy Build 36:855–863. doi: 
10.1016/j.enbuild.2004.01.025 
Hensen J, Lamberts R (2011) Building Performance Simulation for Design and Operation.  
IPCC, Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, 
Midgley PM (2013) IPCC, 2013: Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. IPCC AR5:1535. 
Jentsch MF, Bahaj AS, James PAB (2008) Climate change future proofing of buildings—Generation 
and assessment of building simulation weather files. Energy Build 40:2148–2168. doi: 
10.1016/j.enbuild.2008.06.005 
Kjellstrom T, Holmer I, Lemke B (2009) Workplace heat stress, health and productivity - an 
increasing challenge for low and middle-income countries during climate change. Glob Health 
Action. doi: 10.3402/gha.v2i0.2047 
Kolokotroni M, Aronis A (1999) Cooling-energy reduction in air-conditioned offices by using night 
ventilation. Appl Energy 63:241–253. doi: 10.1016/S0306-2619(99)00031-8 
Lauwaet D, De Ridder K, Maiheu B, Boenne W, Hooyberghs H, Demuzere M, Verdonck M-L 
(2017) Effectiveness of green and blue infrastructure to mitigate heat stress in the city of 
Ghent, Belgium. In preparation 
Lauwaet D, Hooyberghs H, Maiheu B, Lefebvre W, Driesen G, Van Looy S, De Ridder K (2015) 
Detailed Urban Heat Island Projections for Cities Worldwide: Dynamical Downscaling CMIP5 
Global Climate Models. Climate 3:391–415. doi: 10.3390/cli3020391 
Leaman A, Bordass B (1999) Productivity in buildings: the “killer” variables. Build Res Inf 27:4–
19. doi: 10.1080/096132199369615 
Lemke B, Kjellstrom T (2012) Calculating workplace WBGT from meteorological data: a tool for 
climate change assessment. Ind Health 50:267–78. 
Li DHW, Yang L, Lam JC (2012) Impact of climate change on energy use in the built environment 
in different climate zones – A review. Energy 42:103–112. doi: 10.1016/j.energy.2012.03.044 
Mavrogianni A, Davies M, Taylor J, Chalabi Z, Biddulph P, Oikonomou E, Das P, Jones B (2014) 
The impact of occupancy patterns, occupant-controlled ventilation and shading on indoor 
overheating risk in domestic environments. Build Environ 78:183–198. doi: 
10.1016/j.buildenv.2014.04.008 
Meehl GA, Tebaldi C (2004) More intense, more frequent, and longer lasting heat waves in the 21st 
century. Science 305:994–7. doi: 10.1126/science.1098704 
Nicol JF, Humphreys MA (2002) Adaptive thermal comfort and sustainable thermal standards for 
buildings. Energy Build 34:563–572. doi: 10.1016/S0378-7788(02)00006-3 
Oke TR (1982) The energetic basis of the urban heat island. Q J R Meteorol Soc 108:1–24. doi: 
10.1002/qj.49710845502 
Oke TR (1973) City size and the urban heat island. Atmos Environ 7:769–779. doi: 10.1016/0004-
6981(73)90140-6 
Roaf S, Nicol F, Humphreys M, Tuohy P, Boerstra A (2011) Twentieth century standards for 
thermal comfort: promoting high energy buildings.  
Sclafani A (2010) Assessing the Impact of Climate Change on Long-term Energy savings with 
eQUEST.  
Seppänen O, Fisk WJ, Faulkner D (2003) Cost benefit analysis of the night-time ventilative cooling 
in office buildings. In: Proceedings of the Healthy Buildings 2003 Conference, Singapore.  
van Moeseke G, Bruyère I, De Herde A (2007) Impact of control rules on the efficiency of shading 
devices and free cooling for office buildings. Build Environ 42:784–793. doi: 
10.1016/j.buildenv.2005.09.015 
Yaglou CP, Minard D (1956) Prevention of heat casualities at marine corps training centres. Armed 
Services Technical Information Agency Document Service Center AD099920.  
Zhou B, Lauwaet D, Hooyberghs H, Ridder K De, Kropp JP, Rybski D, Zhou B, Lauwaet D, 
Hooyberghs H, Ridder K De, Kropp JP, Rybski D (2016) Assessing Seasonality in the Surface 






Figure 1: General overview of the methodology. The top part of the figure illustrates the part of the 
methodology described in this paper, more details on this are provided in the main text. The bottom 
part illustrates the link to the follow-up macroscopic economic analysis provided in (Costa et al. 




Figure 2: Cooling and ventilation demand for Antwerp during the reference period (1986 – 2005), 
in a building in which workers use the base line working hours (in kWh per year).  
 
Figure 3: Lost working hours for Antwerp during the reference period (1986 – 2005) for different 
worker regimes. The figures provides results for the north- and the south-facing room separately. 
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Figure 4: Time evolution of the building energy demand and lost working hours in Antwerp, for a 
building in which the workers use the base line working hours. The right figure provides fraction of 
lost working hours in the south-facing room during an average summer (May – September). The left 
figure shows the total energy demand (cooling and ventilation) during an average summer(in kWh 
per year). 
 
Figure 5: Cooling demand (left, in kWh per year) and fraction of lost working hours for the south-
facing room (right) for the reference period in the three EU-cities under consideration. The results 
are obtained using the base case prototype building (without any adaptations measures), and using 



































































Name Working hours 
Baseline 9 – 13, 14 – 17 
Evening work 1 9 – 13, 15 – 18 
Evening work 2 9 – 13, 16 - 19  
Morning work 1 8 – 12, 14 – 17 
Morning work 2 7 – 12, 15 – 17 
Morning work 3 6 – 13 
Morning and evening work 7 – 11, 17 – 20  










































Supplementary material: building details 
 
In this supplementary material, some details concerning the prototype building are elaborated. 
Figure 6 visualizes the prototype building and its third floor. Table 2 provides the main dimensions 




Figure 6: Graphical representation of the building with a zoom on the third floor which consists of 




Floor (Ceiling) 1080m² 
Lay-out of third floor 4 thermal zones, 270 m2 each 
External facade 530.40 m² 
Size of windows 152.96 m²  
• 136 m² glass (office zones: 61.20m2 each, 
auxiliary zone: 13.6m2) 
16.96m² frame 
 




External facade Masonry U-value = 0.201 W/m²K 
Insulation 10 cm rigid polyurethane foam  
λ = 0.0245 W/mK 
Thermal properties of 
windows 
 
Uglass = 1.199 W/m²K 
Uframe = 1.199 W/m²K 
SHGCglass = 0.389 
Air infiltration through 
external facades 0.4 m³/h per square meter 
Internal thermal gains Artificial lighting : 10 W/m² Office equipment : 7.5 W/m² 
Occupancy 50 m³/h/person 
(10 m² of office space available per worker) 
 
Table 3: Main building characteristics. 
 
 
